This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. Abstract Background/Aims: Angiotensin converting enzyme 2 (ACE2) treatment suppresses the severity of acute lung injury (ALI). The effects of ACE2 in ALI have been shown to not only result from its antagonizing hydrolyzing angiotensin II (AngII), which is responsible for reduction in the vascular tension and pulmonary accumulation of inflammatory cells, but also result from a role of ACE2 in suppressing the ALI-induced apoptosis of pulmonary endothelial cells (PECs). Nevertheless, the underlying mechanisms of the role of ACE2 on PEC apoptosis are not completely understood. Methods: Here, we used a bleomycin-induced mouse model for ALI that has been published in our previous studies. We analyzed the mRNA and protein levels of an anti-apoptotic protein Bcl-2 in the ALI-mice that have been treated w/o ACE2. We analyzed miR-4262 levels in the mouse lung in these mice. Bcl-2-targeting miRNAs were predicted using bioinformatics algorithms and a luciferase reporter assay was applied to examine the effects of miR-4262 on the Bcl-2 protein translation upon their binding to 3'-UTR of Bcl-2 mRNA. Adeno-associated viruses carrying either miR-4262 mimics or antisense were injected into ALI-mice without ACE2, and their effects on the apoptosis in mouse lung cells were analyzed by Western blot. Results: ACE2 inhibited the ALI-induced apoptosis of pulmonary cells in vivo partially through upregulation of Bcl-2 protein, but not Bcl-2 mRNA. ACE2 appeared to significantly suppress the upregulation of miR-4262 in mouse lung after ALI. MiR-4262 was found to target 3'-UTR of Bcl-2 mRNA to inhibit its protein translation in PECs. In vivo administration of antisense of miR-4262 decreased apoptosis of pulmonary cells and severity of the ALI in mice. Conclusion: ACE2-induced suppression of miR-4262 partially contribute to the inhibition of the PEC apoptosis after ALI through Bcl-2. MiR-4262 may be a novel promising treatment target for ALI and ARDS.
Introduction
Typical symptoms of acute lung injury (ALI) include expiratory dyspnea, refractory hypoxemia and non-cardiogenic pulmonary edema, the deterioration of which could result in the aggravation of ALI into highly lethal Acute Respiratory Distress Syndrome (ARDS) [1] [2] [3] [4] . The cellular pathology of ALI is comprised of loss of alveolar-capillary membrane integrity, excessive transepithelial neutrophil migration and release of pro-inflammatory cytokines, e.g. interleukin (IL)-6 and tumor necrosis factor (TNF)-α [1] [2] [3] [4] . Injuries of both pulmonary endothelial cells (PECs) and alveolar epithelial cells occur after ALI, resulting in loss of respiratory capacity [1] [2] [3] [4] .
Being primary perpetrators of inflammation, neutrophils and their migration cross the vascular epithelia are critical for development of ALI [1] [2] [3] [4] . Excessive and prolonged activation of neutrophils results in basement membrane destruction and increased permeability of the alveolar-capillary barrier [1] [2] [3] [4] . Moreover, neutrophils also release pro-inflammatory and pro-apoptotic cytokines to injure adjacent cells to create ulcerating lesions to aggravate the damages of the alveolar-capillary barrier [1] [2] [3] [4] .
Angiotensin-converting enzyme 2 (ACE2) belongs to the renin-angiotensin system [5] , in which renin induces the production of angiotensin I (Ang I), which is converted to an important vasoconstrictive peptide Ang II by Ang I-converting enzyme (ACE) [5] . ACE2 is the homolog of ACE but counterbalances the ACE activity through induction of degradation of Ang II [5] . Recently, we and others have shown that ACE2 has therapeutic effects on ALI, at least partially through suppression of apoptosis of PECs [6] [7] [8] [9] [10] . However, the molecular mechanisms underlying the inhibitory effects of ACE2 on cell apoptosis are not completely understood.
Bcl-2 (B-cell lymphoma 2) is an important anti-apoptotic protein and it binds to the apoptotic proteins BAD and BAK to inhibit their functions. Apoptosis plays a very active role in regulating the immune system [11] [12] [13] . When Bcl-2 is functional, it can cause immune unresponsiveness to self-antigens via both central and peripheral tolerance [11] [12] [13] . In the case of defective apoptosis, it may contribute to etiological aspects of autoimmune diseases [11] [12] [13] . We have previously found that ACE2 induced upregulation of Bcl-2 protein in the mouse lung after ALI [9] , whereas the mechanisms remain to be determined.
Here, we showed that ACE2 inhibited the ALI-induced apoptosis of pulmonary cells in vivo partially through upregulation of Bcl-2 protein, but not Bcl-2 mRNA. ACE2 appeared to significantly suppress the upregulation of miR-4262 in mouse lung after ALI. MiR-4262 was found to target 3'-UTR of Bcl-2 mRNA to inhibit its protein translation in PECs. In vivo administration of antisense of miR-4262 decreased apoptosis of pulmonary cells and severity of the ALI in mice. These data suggest that ACE2-induced suppression of miR-4262 may partially contribute to the inhibition of the PEC apoptosis after ALI through Bcl-2.
Materials and Methods

Animal manipulations
All mouse experiment protocols were approved by the Animal Research and Care Committee at First people's Hospital Affiliated to Shanghai Jiaotong University. All experiments were performed in accordance with the guidelines from the Animal Research and Care Committee at First people's Hospital Affiliated to Shanghai Jiaotong University.
Specific pathogen free (SPF) Balb/c mice (aged 10 weeks, weight 18-22g) were supplied by Laboratory Animal Center of Shanghai Academy of Sciences, Chinese Academy of Sciences, China. After acclimatization for 1 week, a group of mice were used as the no-injury group and received no treatments (NT). The lung injury model was induced in another groups of mice, by intraperitoneal administration of the bleomycin solution (10mg/mL, Sigma-Aldrich, St Louis, MO, USA) at 20 mg/kg body weight, as has been applied and described before [6] [7] [8] [9] [10] 14] . This ALI model is stable and easy to be built. No death was observed in the current study. After successful induction of ALI, the mice were further randomly divided into groups to 9 AAV carrying antisense of miR-4262 (ALI+AAV-as-miR-4262). Ten mice were used in one experimental group.
Cell lines
Human embryonic kidney 293 cell line (HEK293) and Human lung epithelial cell line HULEC-5a (HULEC) were purchased from ATCC (American Type Culture Collection, Manassas, VA, USA), and has been described before [9] . HULEC-5a is an immortalized human microvascular endothelial cell Line [15] , and were maintained in MCDB131 media (without L-Glutamine, ATCC) supplemented with 10ng/ml Epidermal Growth Factor (EGF, Sigma-Aldrich), 1µg/ml Hydrocortisone (Sigma-Aldrich), 10mmol/l Glutamine (Invitrogen, Carlsbad, CA, USA) and 10% fetal bovine serum (FBS, Invitrogen). Both cells were incubated in a humidified chamber with 5% CO 2 at 37 °C.
AAV preparation and cell transfections
AAV-as-miR-4262 and control AAV-null viruses were prepared according to general protocols. Briefly, we used a pAAV-CMV-GFP plasmid (Clontech, Mountain View, CA, USA), a packaging plasmid carrying the serotype 8 rep and cap genes, and a helper plasmid carrying the adenovirus helper functions (Applied Viromics, LLC. Fremont, CA, USA) in this study. The transgenes as-miR-4262 or null were inserted between CMV promoter and GFP reporter. 2A sequence was used to connect transgene and GFP to allow co-expression of both under the control of the CMV promoter. The transgenes were subcloned into the plasmid using the 50-EcoRI and 30-NheI sites of the pAAV-CMV-GFP vector. Sequencing was performed to confirm the correct orientation of the generated plasmids. AAVs were prepared by triple transfection of the newly prepared plasmids, R2C8 (containing AAV2 Rep and AAV8 capsid genes) and plAd5 (containing adenovirus helper genes) into HEK293 cells by Lipofectamine 2000 reagent (Invitrogen). The viruses were purified using CsCl density centrifugation and then titered by a quantitative densitometric dot-blot assay. For cell transfection in vitro, the HULEC cells were incubated with plasmids (miR-4262, as-miR-4262 and null) at a MOI of 100 for 12 hours.
RNA extraction, reverse transcription and quantitative RT-PCR (RT-qPCR)
Total RNA and miRNAs were extracted from lung or from the cultured cells with miRNeasy mini kit or RNeasy kit (Qiagen, Hilden, Germany), respectively. Complementary DNA (cDNA) was randomly primed from 2μg of total RNA using the Omniscript reverse transcription kit (Qiagen). RT-qPCR was subsequently performed in triplicate with a 1:4 dilution of cDNA using the Quantitect SyBr green PCR system (Qiagen) on a Rotorgene 6000 series PCR machine. Quantitative PCR (RT-qPCR) were performed in duplicates with QuantiTect SYBR Green PCR Kit (Qiagen). All primers were purchased from Qiagen. Data were collected and analyzed with the Rotorgene software accompanying the PCR machine, using 2-△△Ct method for quantification of the relative mRNA expression levels. Values of genes were first normalized against α-tubulin, and then compared to controls.
Western blot
The protein from the mouse lung or cultured cells was extracted using RIPA lysis buffer (1% NP40, 0.1% Sodium dodecyl sulfate (SDS), 100μg/ml phenylmethylsulfonyl fluoride, 0.5% sodium deoxycholate, in PBS) on ice. The supernatants were collected after centrifugation at 12000×g at 4°C for 20min. Protein concentration was determined using a BCA protein assay kit (Bio-rad, China), and whole lysates were mixed with 4×SDS loading buffer (125mmol/l Tris-HCl, 4% SDS, 20% glycerol, 100mmol/l Dithiothreitol (DTT), and 0.2% bromophenol blue) at a ratio of 1:3. Samples were heated at 100 °C for 5 min and were separated on SDS-polyacrylamide gels. The separated proteins were then transferred to a PVDF membrane. The membrane blots were first probed with a primary antibody. After incubation with horseradish peroxidaseconjugated second antibody, autoradiograms were prepared using the enhanced chemiluminescent system to visualize the protein antigen. The signals were recorded using X-ray film. Primary antibodies were antitumor necrosis factor α (TNFα), anti-IL6, anti-CXCL1, anti-Cytochrome C (CytoC), anti-caspase9 (casp9), anti-Bcl-2 and α-tubulin (all purchased from Cell Signaling, St Louis, MO, USA). α-tubulin was used as a protein loading control. Secondary antibody is HRP-conjugated anti-rabbit (Jackson ImmunoResearch Labs,
Results
ACE2 reduces ALI features in mouse lung
The mouse bleomycin-ALI model has been performed as has been described before [6] [7] [8] [9] [10] 14] . H&E staining of mouse lung tissue showed significant pneumonitis, inflammatory exudates, fibroblastic foci and distortion of the normal architecture of the lung after ATI, while ACE2 reduced the severity of these features (Fig. 1A) . As a routine quality control, we isolated protein from the lung of the mice treated with bleomycin and ACE2 (ALI+ACE2) and then analyzed the inflammatory cytokine levels by Western blot, compared to the mice without treatment (UT) and to the mice treated with bleomycin and control saline (ALI). We found that ALI induced significantly increases in TNFα, IL6 and CXCL1 levels, by quantification (Fig. 1B) , and by representative images (Fig. 1C) . These data confirm the successful establishment of mouse ALI model and the effects of ACE2 against ALI severity.
ACE2 increases Bcl-2 protein but not mRNA in mouse lung after ALI
We have previously shown that ACE2 reduces cell apoptosis in mouse lung after ALI. Now we studied the underlying mechanisms. Among all examined pro-apoptotic proteins and anti-apoptotic proteins, we specifically found that although the mRNA levels of Bcl-2 remained unchanged by ACE2 ( Fig. 2A) , the protein levels of Bcl-2 were significantly increased by ACE2 administration (Fig. 2B) . These data suggest that ACE2 may induce the translational control of Bcl-2 in mouse lung after ALI.
ACE2 reduces miR-4262, which suppresses Bcl-2 translation
Since miRNAs often regulate translation of mRNA through binding to the 3'-UTR of mRNA of certain genes, we screened all Bcl-2 targeting miRNAs, and we found that miR-4262 levels in the mouse lung were significantly decreased by ACE2 (Fig. 3A) .
We then performed bioinformatics analysis of 3'-UTR of Bcl-2 mRNA target sequence, which showed that the miR-4262 binding sites in the 3'-UTR of Bcl-2 mRNA ranged from 2896th base site to 2903th base site (Fig. 3B) . In order to prove that this binding is functional, we modified miR-4262 levels in HULEC cells, and these HULEC-miR-4262, HULEC-null (as a control) and HULEC-as-miR-4262 cells were confirmed of changes in miR-4262 levels (Fig.  3C) . These cells were then transfected with 1μg of Bcl-2-3'UTR luciferase-reporter plasmid. The luciferase activities in these cells suggest that miR-4262 targets 3'UTR of Bcl-2 mRNA to inhibit its expression (Fig. 3D) . (ALI+ACE2) and then analyzed the inflammatory cytokine levels by Western blot, compared to the mice without treatment (UT) and to the mice treated with bleomycin and saline (ALI). The data were shown by quantification (B), and by representative images (C). *p<0.05 (ALI+ACE2 vs ALI). N=10. Statistics: one-way ANOVA, followed by Fisher's exact test. Scale bar is 50µm. Fig. 2 . ACE2 increases Bcl-2 protein but not mRNA in mouse lung after ALI. (A-B) Among all examined pro-apoptotic proteins and anti-apoptotic proteins, we specifically found that although the mRNA levels of Bcl-2 remained unchanged by ACE2 (A), the protein levels of Bcl-2 were significantly increased by ACE2 administration (B). *p<0.05. NS: non-significant. N=10. Statistics: one-way ANOVA, followed by Fisher's exact test.
In vivo administration of as-miR-4262 mimics the effects of ACE2 on cell apoptosis and ALI features
In order to confirm that the effects of ACE2 on apoptosis-related proteins in ALI lung is partially conducted through miR-4262-regualted Bcl-2 translation, we prepared AAVs and their effects on severe cases are quite limited [1] [2] [3] [4] . Hence, innovative therapy is highly needed to improve the current ALI/ARDS treatments, and this therapeutic innovation requires better understanding the molecular pathology of ALI and requires identification of new targets.
To date, it is well-known that ALI is characterized with loss of alveolar-capillary membrane integrity, excessive transepithelial neutrophil migration and release of proinflammatory cytokines [1] [2] [3] [4] . ALI damages on both PECs and alveolar epithelial cells result in loss of respiratory capacity [1] [2] [3] [4] . Moreover, the damages to PECs appear to occur ahead of the damages to epithelial cells [17] .
The protective roles of ACE2 in acute and chronic lung diseases have been demonstrated, including anti-inflammation and anti-oxidation. In addition, we recently reported a role of ACE2 in inhibiting cell apoptosis after ALI [9] . However, the mechanisms underlying this regulation remain undetermined.
Here we confirmed that ACE2 significantly increased the protein levels of anti-apoptotic protein Bcl-2 in mouse lung after ALI. Moreover, we found that ACE2 did not alter Bcl-2 mRNA levels. These findings suggest presence of a regulation of Bcl-2 at post-transcriptional level. Then we screened all Bcl-2 targeting miRNAs, including miR-21, miR-204, miR-211, miR-590, miR-449, miR-34, miR-125, miR-195 and miR-4262 etc, we specifically found that miR-4262 levels were significantly altered by ACE2 treatment. The regulation of Bcl-2 translation by miR-4262 was confirmed using luciferase reporter assay.
Bcl-2 proteins have an N-terminal amino acid residue (K17) required for their interaction with IP3R to coordinate Calcium uptake into mitochondria to affect apoptosis [18] [19] [20] . There is recent evidence that the Na/K pump interacts with Bcl-2 proteins and thus with IP3R [21] . The involvement of this mechanisms of the current model should be tested in future.
Since the direct target of ACE2 in lung is Ang II, the receptor of which is uniquely expressed in PECs, we have shown that the direct effects of ACE2 should be Ang II-related, and most likely to be conducted on PECs [9] . Thus, we used HULEC cells in the luciferase reporter assay to confirm the functional binding of miR-4262 to the 3'-UTR of Bcl-2 mRNA.
In our previous study, we found that ALI induced phosphorylation of a key factor SMAD2 of TGF β receptor signaling [22] [23] [24] [25] [26] [27] [28] , which could be dose-dependently inhibited by ACE2. Hence, it is possible that the regulation of miR-4262 by ACE2 could be through modulation of TGF β receptor signaling. Indeed, we examined the miR-4262 levels in the mouse lung in SMAD7-overexpressing model and found that SMAD7 overexpression inhibited increases in miR-4262 levels by ALI. On the other hand, it is possible that ACE2 may induce production of non-functional ATII breakdown products, i.e. ATIII-V, to exert its function. That way, an ATII receptor blocker should have similar effects as ACE2? This hypothesis may be examined in the future experiment.
Further experiments may be also applied to examine the protective roles of ACE2 besides its inhibition on apoptosis, and to determine the targets of miR-4262 other than Bcl-2. These approaches may greatly improve our understandings of the molecular basis of ACE2-mediated protection against ALI, and may shed light on development of novel therapies.
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